We report on the single crystal properties of the novel U 2 RhIn 8 compound studied in the context of parent URhIn 5 and UIn 3 systems. The compounds were prepared by In self-flux method. U 2 RhIn 8 adopts the Ho 2 CoGa 8 -type structure with lattice parameters a = 4.6056(6)Å and c = 11.9911(15)Å. of uranium 5f electron states of U 2 RhIn 8 was studied by first principles calculations based on the density functional theory. The overall phase diagram of U 2 RhIn 8 is discussed in the context of magnetism in the related URhX 5 and UX 3 (X = In, Ga) compounds.
Introduction
Magnetism of uranium compounds is characterized by the large spatial extent of the 5f wave functions which perceive their physical surroundings more intensively compared to the localized behavior of 4f electrons. Typical example of that is the 5f -ligand hybridization causing nonmagnetic behavior in several compounds characterized by the distance between the nearest U ions far larger than the Hill limit [1] . When considering the UX 3 (X = pmetal) materials, the size of the p-atom is a very important parameter. In the case of smaller X -ions (Si, Ge) [2] , the p-wave function decays slower at the U-site, resulting in strong 5f -p hybridization which leads to lack of magnetic ordering (UGe 3 , USi 3 ) [4, 2, 3] while larger X -ions (In, Pb) cause the hybridization to be weaker resulting in magnetic ground state (UIn 3 , UPb 3 ) [5, 6] .
The U n TX 3n+2 (n = 1, 2; T = transition metal; X = In, Ga) [7, 8, 9, 19, 24] compounds adopt the layered Ho n CoGa 3n+2 -type structure which consists of n UX 3 layers alternating with a TX 2 layer sequentially along the [001] direction in the tetragonal lattice. They are isostructural with the thoroughly 2 investigated Ce n TX 3n+2 [10] compounds known for their outstanding physical properties such as the coexistence of unconventional superconductivity and magnetism or non-Fermi liquid behavior. These families of compounds provide unique opportunity to study the effect of dimensionality on physical properties due to their layered tetragonal structure. Adding a layer of TX 2 pushes the character of the structural dimensionality from 3D to more 2D.
Since the U 2 RhIn 8 compound has not been reported yet, we focused in this paper on the structure study followed by investigation of magnetic, transport and thermodynamic properties with respect to applied magnetic fields and hydrostatic pressure. In order to study the evolution of ground state properties on the structural dimensionality, we also prepared and investigated single crystals of URhIn 5 and UIn 3 .
Experimental
Single crystals of UIn 3 , URhIn 5 and U 2 RhIn 8 have been prepared using In self-flux method. High-quality elements U (purified by SSE [11] ), Rh (3N5) and In (5N) were used. The starting composition of U:In = 1:10, U:Rh:In = 1:1:25 and U:Rh:In = 2:1:25 were placed in alumina crucibles in order to obtain UIn 3 , URhIn 5 and U 2 RhIn 8 , respectively. The crucibles were further sealed in evacuated quartz tubes. The ampoules were then heated up to
950
• C, kept at this temperature for 10 h to let the mixture homogenize properly and consequently cooled down to 600 were determined by single crystal X -ray diffraction using X -ray diffractometer Gemini, equipped with an Mo lamp, graphite monochromator and an
Mo-enhance collimator producing Mo K α radiation, and a CCD detector Atlas. Absorption correction of the strongly absorbing samples (µ ∼ 50 mm
was done by combination of the numerical absorption correction based on the crystal shapes and empirical absorption correction based on spherical harmonic functions, using the software of the diffractometer CrysAlis PRO. The crystal structures were solved by SUPERFLIP [13] and refined by software Jana2006 [14] .
The electrical resistivity measurements were done utilizing standard fourpoint method down to 2 K in a Physical Property Measurement System (PPMS). The specific heat measurements down to 400 mK were carried out using the He3 option. Magnetization measurements were performed in a superconducting quantum interference device (MPMS) from 2 to 300 K/400 K and magnetic fields up to 7 T.
To investigate the effect of hydrostatic pressure on the transition temperature T N , we measured the temperature dependence of electrical resistivity using a double-layered (CuBe/NiCrAl) piston-cylinder type pressure cell with Daphne 7373 oil as the pressure-transmitting medium [15, 16] . Pressures up to 3.2 GPa were reached.
4
In order to acquire information about formation of magnetic moments in U 2 RhIn 8 , we applied the theoretical methods based on the density functional theory. The electronic structure and magnetic moments were calculated using the latest version of APW+lo WIEN2k code [17] . The 5f electrons form the Bloch states with non-integer occupation number. The spin-orbit coupling was included using second-order variational step [18] . Since we found the smaller value of the total magnetic moment than expected, we applied the LSDA+U method [17] and tuned the effective U to obtain the required total magnetic moment. The electronic structure calculations were performed at experimental equilibrium. The calculations were ferromagnetic for the sake of simplicity, since we have no information about the character of the antiferromagnetic ground state.
Results and discussion
The obtained diffraction patterns revealed the Ho 
The temperature dependence of the specific heat C (T ) divided by temperature for U 2 RhIn 8 and URhIn 5 is presented in Fig. 1 ; a clear λ-shaped anomaly at T N = 117 K and T N = 98 K, respectively, indicates a secondorder phase transition in both materials. Closer observation of the C (T ) vs. (6) In(1) 0.5 0 0.5 0.0080 (5) In (2) are close to those presented recently [24] . the maximum of the ∂(χ(T))/∂T curve. The behavior of the susceptibility curves resembles the one shown for URhIn 5 and UIn 3 [19, 5] , therefore we conclude that the phase transition drives the compound into an antiferromagnetic state. The magnetic susceptibility increases in all compounds with decreasing temperature and this increase is much pronounced for the [001] direction in the ternary compounds. The maximum value of susceptibility is reached at T χmax = 130 K for UIn 3 (consistently with literature [5] ), at T χmax = 160 K for URhIn 5 [24] and at T χmax = 150 K for U 2 RhIn 8 . Such behavior was previously observed in several different uranium compounds [21] and it is generally supposed that this character of the susceptibility curves is associated with antiferromagnetic correlations when approaching T N . The value of T χmax for both studied ternary compounds is the highest among uranium compounds up to our knowledge (UPd 2 Al 3 : T χmax = 30 K; URu 2 Si 2 : [22], which we were able to confirm experimentally in the case of U 2 RhIn 8 (see Fig. 2 (a) ). Such recovery of Curie-Weiss law at high temperatures indicates a localized nature of 5f electrons. Thus, a crossover of the 5f electrons from a low-temperature itinerant nature to a high-temperature localized one is observed. This crossover effect is characteristic for many heavy fermion The magnetic field dependence of magnetization (see Fig. 3 ) of U 2 RhIn 8 was measured at T = 4 K for magnetic field oriented along the [001] and
[100] directions. Both magnetization curves reveal linear character up to 7 T; the [100] axis is almost twice higher than the magnetization in the other direction, which resembles the behavior of its more 2D counterpart [24, 19] . Using a relation k B T χmax ≃ µ B H c [21] , where T χmax = 150 K defines the position of the maximum of the magnetic susceptibility data, and H c is the critical magnetic field of metamagnetic transition, we obtain a value of H c = 220 T for U 2 RhIn 8 . This extremely large value explains the absence of metamagnetic transition in our experimental data. µΩcm·(mol·K/mJ) 2 for U 2 RhIn 8 and 3.6·10 −6 µΩcm·(mol·K/mJ) 2 for URhIn 5 was obtained, being one order of magnitude lower than in the common heavyfermion systems [28] .
To investigate the effect of hydrostatic pressure, we performed electrical resistivity measurement of U 2 RhIn 8 up to 3.2 GPa. The Néel temperature increases gradually with hydrostatic pressure, as is shown in the T -p phase diagram in Fig. 5 . A possible explanation of the positive pressure dependence of T N is given by the spin-fluctuation theory of an itinerant 5f electron system alongside with the Hubbard model [29, 30] . According to this scenario, hydrostatic pressure induces an increase in the hybridization between 5f and conduction electrons, which strengthens the exchange coupling J between U ions. On the other hand, it also decreases the 5f magnetic moment at the uranium site. The value of T N changes from 117 K to 128 K at ambient pressure and 3.2 GPa, respectively, with the rate of 5.4 ± 0.9 K·GPa −1 . This slope corresponds well to the pressure evolution of T N in URhIn 5 [24] . The detail of the resistivity curve near T N for ambient pressure and for 3. [25] . In contrast to the behavior in cerium compounds [25] , the Néel temperatures of U n RhIn 3n+2 reveal a monotonic evolution with respect to the c/a ratio. A possible explanation of this discrepancy is given by the different driving microscopic mechanisms in the compounds. The microscopic mechanisms in Ce-based compounds are mostly RKKY-type while in the uranium compounds the 5f -ligand hybridization plays a substantial role. Moreover, the cerium compounds order magnetically well below 10 K while the ordering temperature in the case of U-based compounds is at least an order of magnitude higher.
The spin-polarized LSDA calculation splits the spin-up and spin-down bands with spin magnetic moment at uranium site 2.17 µ B . Since strong magnetocrystalline anisotropy is present, the spin-orbit coupling is also included into calculations. The calculated spin magnetic moment at uranium site decreases to M S = 1.744 µ B and the orbital magnetic moment electrons is not negligible. Therefore we used LSDA+U method to describe correlated movement of 5f electrons. Tuning effective Hubbard U we have found spin magnetic moment M S = 1.738 µ B and orbital magnetic moment M L = -3.3 µ B providing the total magnetic moment |M T | = 1.592 µ B for medium effective U = 1.3 eV. We are fully aware that such calculation loses its first-principle character on this level, but on the other hand, we showed that these heuristically derived values of effective U allow us to obtain valu-able results.
Conclusions
Single crystals of UIn 3 , URhIn 5 and the novel U 2 RhIn 8 phase were syn- Electrical resistivity measurement revealed the very high quality of the studied ternary compounds with RRR exceeding 200 and 500, respectively. The temperature dependence of magnetic susceptibility for URhIn 5 and U 2 RhIn 8 reveals strong magnetic anisotropy and suggests that both systems undergo an itinerant-localized crossover at high temperatures above 300 K, similar to other uranium-based compounds (UPd 2 Al 3 , URu 2 Si 2 [22] ), including UPtGa 5 [22] from the same group of compounds. The application of hydrostatic pressure supports the robustness of the antiferromagnetic phase in both ternary compounds with similar pressure coefficients [24] . Successful synthesis of U 2 RhIn 8 provides an opportunity among 5f systems to study the evolution of ground state properties depending on c/a ratio. As is shown on Fig. 6 the evolution of T N is monotonic with respect to c/a ratio. This behavior is in contrast with the cerium analogs [25] and will be a subject of further investigation.
